12 United States Patent

US009107057B2

(10) Patent No.: US 9,107,057 B2

Gilbert et al. 45) Date of Patent: Aug. 11, 2015
(54) METHODS, APPARATUSES, SYSTEMS AND (56) References Cited
COMPUTER READABLE MEDIUMS FOR
DETERMINING LOCATION OF ASSETS U.S. PAIENT DOCUMENLS
_ 4,710,708 A 12/1987 Rorden et al.
(71) Applicants: Harold C. Gilbert, Long Beach, CA 5.731,996 A 3/1998 Gilbert
(US); Michael W. Cox, Corona, CA 5,831,873 A 11/1998 Kohnen et al.
(US); Ronald A. Borrell, Corona, CA 6,269,324 B1 ~ 7/2001 Rakyjas et al.
(US) 6,292,758 Bl 9/2001 Gilbert et al.
7,307,595 B2  12/2007 Schantz et al.
2008/0204322 Al1l* 8/2008 Oswaldetal. ................ 342/465
(72) Inventors: Harold C. Gilbert, Long Beach, CA 2009/0280742 Al  11/2009 Schantz et al.
(US),, Michael W_ COX,, COI‘OHEI,, CA 2011/0316529 Al 12/2011 Stancil et al.
(US); Ronald A. Borrell, Corona, CA OTHER PUBLICATIONS
(US) Arumugam, D.D. etal. (2011). “Experimental demonstration of com-
_ plex 1mage theory and application to position measurement” IEEFE
(73)  Assignee: CORNERTURN LLC, Corona, CA Antennas and Wireless Propagation Letters, 10, p. 282-285.
(US) Nessler, N.H. (2000). “Electromagnetic location system for trapped
miners.” Subsurface Sensing Ilechnologies and Applications, 1(2), p.
(*) Notice: Subject to any disclaimer, the term of this 229-246.
patent is extended or adjusted under 35 Kononov, V.A. (1998). “Develop a trapped miner location system and
U.S.C. 154(b) by 321 days. an adequate rescue strategy and associated technologies™ CSIR Divi-
sion of Mining Technology GEN 502.
Wait, J.R. (1974). “Analytical investigations of electromagnetic loca-
(21)  Appl. No.: 13/839,620 tion schemes relevant to mine rescue” Bureau of Mines Pittsburgh
Mining & Safety Research Center Summary Report Contract
(22) Filed: Mar. 15, 2013 HO0122061.
(65) Prior Publication Data * cited by examiner
US 2014/0273918 A1 Sep. 18, 2014 Primary Examiner — Marisol Figueroa
(74) Attorney, Agent, or Firm — Harness, Dickey & Pierce,
(51) Int.Cl. el
HO4W 24/00 (2009.01) (57) ABSTRACT
HO4W 4/22 (2009.01) In locating a transmitter, a central processor calculates a
GO1S 5/00 (2006.01) matched filter detector output for each of one or more candi-
(52) U.S. CL date transmitter locations by applying a linear filter to low
CPC .. HO4W 4/22 (2013.01); GO1S 5/0018 frequency magnetic field measurements obtained at a plural-
(2013.01) ity of recerwver locations. The central processor then deter-
(58) TField of Classification Search mines the location of the transmitter based on the one or more

CPC .... HO4W 24/00; HO4W 64/00; HO4W 64/003

USPC e, 455/456.1-457
See application file for complete search history.

calculated matched filter detector outputs. The linear filter 1s
derived for the one or more candidate transmitter locations.

44 Claims, 7 Drawing Sheets




US 9,107,057 B2

Sheet 1 of 7

Aug. 11, 2015

U.S. Patent

: \ ' b —
n_ m # h __.- -~ ...Ll\..nll.
) y o
-
f. _H. _ _ £ ) ~
] | TR el
_—- d— _ .-.-. h\il....!..lq................_...-..__...__.._._. __..l.lll.l.l-lm___...__l._ll.___ul...._...“.f.-l.l.-...l.l.-.._llllmlu.q.
() A #— ¢ ,..1.|. e e
o -
}__. i __.__ L .y . >
. ! } e
. ..rlfi._l-
. i ﬁ { i / ..L..\ .rJ.._a.u
.....,- a- A # ‘__ ...\ -F_...l.._...._.l..-#
. - . -
l.r.-... ..,..h ﬂ.— _—— .— HH .-.._- .rix.‘-_rl
-_....... .-.- - 1 _— .-_ ..._M. i.-.-.-Jl...
_....l. _q lﬁ — h— __- ll_ltrl.li.
f.,.,.... r..,., \ w __ M p -.,.f..:...
- S " .
.._-... - 1 i_l.-.l
. \ \ Loy ! I e
M ST I A ¢ T
) . LN I —_— T — .
. ..,...f ', L__.. .___ _w. __ __V .11. Pt v . e _....a_.r.
e SO - ’ e e
- - . -...-J. / .-IfF-—- L] l- - B .
- - d _v ...- L_...
.rt..-lu ) _..-..r._. ..,r-... - __. Af_.- __‘ ..-. r_.r -..__.-
.-E.I-...r... l.._u -....__ .H -ﬁ _—- ..L .
- : n, A ._— . '
i .1.-1.....- ........l T, ..._.._“_r..._ __.n.._ ..-. _.Ha & .H ._-.... .1__.
- r.r. i
jlnll.ll!.. - . ...j..-l'-q f-——— ‘—_ ﬁ.. n- d [
- . .r.q._l L] ...1 \ ]
rl_-...\._ ...._..J. ._......._r_.. ok f A _—_
I.-.l.l.-.i.i.l...i.i.ll.l?.ll.i.-_l-i.i. L] L hi.-.l . L2 ¥ L L L L B r“ll“.ll.-”l””-i.l LA
; RN I i g, :
" . .__“-r-.lur ——— v.rrr.. ;..__.r.,...u.._...._ _...____..._- 1 _ T’ .\.\ M e . __
; T A ..._.______p.__ m ' oL, e
1" e - 'm L, L " L. ;.-.
R : ;
1" 1Il..rff.r_... o A a1k a “ . .-.l- ) -
" —_—— ——— W M " 1-.1:- “ __ - s
el - 2o / S
i A R
Ll__1. .1- “. -l-..“ .1!.__.-"-\ - w
s - ra ; o ead
# v - -._..,m [ } . .-
: . i 3 S A e
...--._.l. e ‘m __\L- ! “ LY " " . - 4t e
. . _-_.h_ “ u.. - g . . “ ..L._-l - HL)
e ; , ; A v
i . : i . : " ...._\..-a. “ al
.H -____.._..1 llllll “ . ™ e u" 4 Ly M .
, e A} T — 2 v, :
H y 7 — S - ; v H
! ) " ! o N e H R v -
I e m ....m.. R .n“m..._, w g e . b *\r.__. -
e 3 v oo T ot —
PRGN : . \__ Paaw R w0 T T
- . i m _.l.l.._._, ﬁ __._J_.‘“.JH .fpu...r...,. - h - “ .o “
v T oo L e BRI
- : gl [ N S A
= ; : R T
o o ; : ) ¢ L T ey
aom ] - . F - _
&S ; ..L. / : J § v N o S
- ' py "4 .
1 __H-...m 3 .ﬁ_.-_ ' *._ I, ....“__ h..__.. .....p u...f . m e St
il ! i i " " i
“-.H-.“ “ \\- .-_. ‘—- ...-J. l“ . annn.m..t-._rr- “ l..rllfll..1 .llll..lr.ll
I._-.-. .“.auln1.1|l|rn|n1."1."1n1n-|hln1.1ln1n.lnlﬁlllln1."1."1."1 .-Inlnul#n.ln‘ *h‘-ﬂlnnunnln.lnlnullln.lnnlnllx- ™, -._.I“-..r " Mf 1“
L M T ‘.-\E....., -_._ e e ~ ™ " ' “-1 .
...;.-.. - -q..iq 1 1 3 % ", G..mm.- ....-“j._. ' “ -
.Ilr_. - ..1| . # *r .- ..-_.... " " _.__.r.“-..uq" ' l.._.....
o L T | .I.TII.._-..II i..l._...l h LA L LN L lfl."l!l.h.li}-f-ltp_—\ll.ill...._. ..1.__..-_I..l.-.l_rll__.r .._.l_...-__.-_ . “ .l.l....- .
u.__"fn. S A ...h.;..n.hw-.\ﬂ.... PRy S I N ......n.._.__“ *a,
l.r.l.‘.i.i .l.l.i.‘.l.l-.i.l.l.‘“.‘.i.-x—.lﬁ.l.l.-.i.llh.‘.‘h.l.li-.‘.rﬁ.l.‘u....l.-.l.i“.t.ﬁnfa.l. - F
S *_ S .
| ] toa
7 | v
- i .— _—
...\..1. nw __ ___.
f t
....... —-v m .—r
.\\. r {
I I
~
j .
- u.__u_ ﬁ __
o >
g ! “
s / m
e _,.—. I

R
u..l.._... ..H-
R
4t B
Y. .-.m“
L -
L &’

104

FIG. 1

m_

{

1 Serdls
e i - -a

:
{
]
/
)
o
it
F
}
)]
s
!
:
:
i
f
b
'
I
'
')

[ !
p ..- H\i.lllhll-lh.r“-_n..._._.
L] ry » .- A
[ r e A e, 1.
* ') S r
. ! el HM\
[z W
i n—. .1
. ]
1 * 22
Pl Fueoa
[ ] F -4. ; “ L]
i » ) & “ . 1
Pt LA aoe )
1 1 “ _.- . 1
1 o i |
by ot
g “ . ! -
N 4 D
YN f * “ a .
’ l +
. "

ol - ul.____

y - , i

1-_ _.- d 4

S T I

-n-_ “m .lu..__u_ 1

I-Iﬁ-... - . F

MOBILE %

COMMAND .. _

|
i

£

(“-...h.......--- AL R R e mma mm A mm o mE R me———



U.S. Patent

R AR R AR P AR PR AR R AR F AR AR R AR F AR EA PR AR AR R LR AR R
Py
.'l II

Tranamiiiey

106

'S -
e e o o e M M e ey e o A Ay My Py Py My By i o

FHarsivar
10

L — ‘m
[ ] '
e e e e e e e e e e e T e e e e e T e e e e e e e e e

FIG. 2

=
‘et e e e e et ey

Aug. 11, 2015

___________________________________________________________________________________________

o o o i o o e T o o o T o o T e ™ e o o o T e T T o o e T e e o e e e T e

L
- .. . v
]
- [}
et ..._..""_.‘.. . "
:}-%ﬁ".{-’:‘ti ‘; f :l‘\‘l"'l"l'I‘I'l'I‘I"l1"“‘"\‘1"“"1““\1"“"‘1‘!“‘!1“"11“"\‘\‘.““1“‘11““1‘1‘!“‘!1““!1““‘\"“

. - '
a3 Uil WL 0 .
[ ]
E
104 :
L} .
| ]
L LA o

*.

'l

.

a

n

'

“

F . ] ] L | ] L | | L | | L | | | | r | | | L —

MOBILE COMMAND CeENTER

DISPLAY

202

CONTROLLER

204

Sheet 2 of 7

el
Ty & 0 RN e
‘-.‘ﬂm - > q%{._" ".‘ ".. '{.‘ Mr T r T w s aw rnw R s aw m 1R a TR < T S TNl T_ N TT T r T F - TT - awor
B e "i_"':""':"-h‘#F L ."n‘:-l"r“'*i ) \':::"
A 104

et e et

|
|
|
|
|
|

US 9,107,057 B2

rrrrrrrrrrrrrrrrrrrrrrrrrrrrr
-------------------

e A o A o A A A e A A A A o A e A A e g gl

LOCALIZATION

DATA STURAGEL
1026



U.S. Patent Aug. 11, 2015 Sheet 3 of 7 US 9,107,057 B2

INDUCHON COIL
ANTENNA

OSCILLATOR

302 304

BATTERY

106 306

FIG. 3



U.S. Patent Aug. 11, 2015 Sheet 4 of 7 US 9,107,057 B2

RECEIVER PROCESSING
MODULE/CIRCUIT

SENSING CIRCUIT

02

404

SENSING CIRCUIT

02

GPS

FiG. 4



U.S. Patent Aug. 11, 2015 Sheet 5 of 7 US 9,107,057 B2

OBTAIN MAGNETIC FIELD

SIGNAL MEASUREMENTS >202
TRANSMIT MAGNETIC FIELD SIGNAL
MEASUREMENTS TO CENTRAL 5504

PROCESSOR

FIG. 5



U.S. Patent Aug. 11, 2015 Sheet 6 of 7 US 9,107,057 B2

RECEIVE MAGNETIC FIELD SIGNAL
MEASUREMENTS AND OBTAIN MAGNETIC FIELD 5602
MEASUREMENT INFORMATION

HYPOTHESIZE SEARCH/ 5603
TRACKING DOMAIN

OBTAIN CONSTANT PARAMETERS

FROM DATA STORAGE >604

DETERMINE PROPAGATION MODEL SEOS
FOR EACH CANDIDATE LOCATION IN
SEARCH DOMAIN

S606
GENERATE LOCATION AND

ORIENTATION INFORMATION FOR
TRANSMITTER

FORMAT AND STORE AND/OR
DISPLAY RESULTS 10 S608
OPERATOR

FIG. 6



U.S. Patent Aug. 11, 2015 Sheet 7 of 7 US 9,107,057 B2

iE‘l I } ! ] ! ! 1 i

CT T T T . Sensnr 4

rrrrrrrrr

i "
E-J
*
.ﬁ
.'F
Tx
.l-
.'F
T
.l-
.'F
Tr
*
s
4 -
'
f
f
'
]
'

................

South - Novth {m]
et
b
|
o
o
s
|

-----

......

L Ty SR - Semsoyr 3 ~

-4
]
-

nnnnnn

rrrrrrrrrrrrrrrr

1111111111111

- _.E ﬁ — E Nemsoyr i KNeERZORYF o —

. |
-6 H iy 28 24 23 243 £l

FlG. /7



US 9,107,057 B2

1

METHODS, APPARATUSES, SYSTEMS AND
COMPUTER READABLE MEDIUMS FOR
DETERMINING LOCATION OF ASSETS

BACKGROUND

In situations immediately following a catastrophic event,
first responders often must enter a hazardous environment,
such as a burning, flooded, or collapsed structure, a cave-1n,
landslide, or avalanche. While 1t may not be possible for these
persons to be visually observed, 1t 1s necessary for safety and
eilicacy to follow both progress and location of this type of
personnel. This 1s especially true of larger scale operations
involving special equipment and more than a few personnel.

If the degree of obstruction 1s relatively small, then con-
ventional communications devices such as Wik1 and cell
phones may at least provide a link, 1f not a location or status.
Often, mobile emergency equipment becomes available to
provide improved communication capability or even an emer-
gency command center. However, most wireless communi-
cation systems used 1n emergencies operate at higher fre-
quencies and are severely attenuated by obstructions
composed of ordinary matenals like steel, concrete, rock, soil
and water. For example, existing tracking systems based on
global positioning satellites (GPS) or ultra-wideband and
VHEF/UHF time difference of arrival (TDOA) technology are
severely attenuated by these types of obstructions, and have
therefore proven unsuitable for this purpose.

SUMMARY

At least one example embodiment provides a method for
locating a transmitter. According to at least this example
embodiment, the method includes: calculating a matched {il-
ter detector output for each of one or more candidate trans-
mitter locations by applying a linear filter to low frequency
magnetic field measurements obtained at a plurality of
receiver locations, the linear filter being derived for the one or
more candidate transmitter locations; and determining the
location of the transmitter based on the one or more calculated
matched filter detector outputs.

At least one other example embodiment provides a method
for locating a transmitter. According to at least this example
embodiment, the method includes: maximizing a localization
statistic by applying a linear filter to low frequency magnetic
field measurements obtained at a plurality of receiver loca-
tions, the linear filter being determined based on a propaga-
tion model associated with one or more candidate transmitter
locations; and locating the transmitter based on the maxi-
mized localization statistic.

At least one other example embodiment provides a com-
puter readable storage medium storing instructions that,
when executed, cause a processor to perform a method for
locating a transmitter. According to at least this example
embodiment, the method includes: calculating a matched {il-
ter detector output for each of one or more candidate trans-
mitter locations by applying a linear filter to low frequency
magnetic field measurements obtained at a plurality of
receiver locations, the linear filter being derived for the one or
more candidate transmitter locations; and determining the
location of the transmitter based on the one or more calculated
matched filter detector outputs.

At least one other example embodiment provides a com-
puter readable storage medium storing instructions that,
when executed, cause a processor to perform a method for
locating a transmitter. According to at least this example
embodiment, the method includes: maximizing a localization

10

15

20

25

30

35

40

45

50

55

60

65

2

statistic by applying a linear filter to low frequency magnetic
field measurements obtained at a plurality of receiver loca-
tions, the linear filter being determined based on a propaga-
tion model associated with one or more candidate transmaitter
locations; and locating the transmitter based on the maxi-
mized localization statistic.

According to at least some example embodiments, the
method may further include hypothesizing a search domain
including the one or more candidate transmitter locations.

-

The determining the location of the transmitter may
include: i1dentitying the location of the transmitter as the
candidate location associated with a maximum matched filter
detector output among the one or more calculated matched
filter detector outputs.

According to at least some example embodiments, the
determining the location of the transmitter may further
include: comparing the one or more calculated matched filter
detector outputs to determine the maximum matched filter
detector output among the one or more calculated matched
filter detector outputs.

The matched filter detector output may be a polynomial
function representing the one or more candidate locations,
and the method may further include: generating a plurality of
contour values associated with the one or more candidate
locations, wherein the location of the transmitter may be
determined based on the contour values for the one or more
candidate locations. The plurality of contour values may form
a localization contour associated with the one or more candi-
date transmitter locations, and wherein the location of the
transmitter may be determined based on the localization con-
tour. The transmitter may be determined to be located at the
candidate location having a maximum contour value among
the plurality of contour values.

According to at least some example embodiments, the
matched filter detector output may be a polynomial function
representing a plurality of candidate locations for the trans-
mitter, and wherein the determining the location of the trans-
mitter may include: evaluating the polynomial function for
cach of the plurality of candidate locations to generate a
plurality of contour values, each of the plurality of contour
values being associated with a candidate location among the
plurality of candidate locations, and 1dentifying the location
of the transmitter based on the plurality of contour values. The
location of the transmitter may be 1dentified as the candidate
location among the plurality of candidate locations having a
maximum contour value among the plurality of contour val-
ues.

According to at least some example embodiments, the
method may further include: at least one of displaying and
storing the location of the transmitter.

According to at least some example embodiments, the
localization statistic may be a polynomial function represent-
ing the one or more candidate locations, and the method may
turther include: generating a plurality of contour values asso-
ciated with the one or more candidate locations, wherein the
transmitter may be determined to be located based on the
contour values for the one or more candidate locations.

The plurality of contour values may form a localization
contour associated with the one or more candidate transmitter
locations, and wherein the location of the transmitter may be
determined based on the localization contour. The transmitter
may be determined to be located at the candidate location
having a maximum contour value among the plurality of
contour values.

According to at least some example embodiments, the low
frequency magnetic field measurements may be generated
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based on magnetic field signals having frequencies between
about 30 kHz and about 130 kHz.

According to at least some example embodiments, the
linear filter may be determined based on a propagation model
associated with the one or more candidate transmitter loca-
tions, and the propagation model may not include a complex
image component.

According to at least some example embodiments, the
linear filter may be determined based on a propagation model
associated with the one or more candidate transmitter loca-
tions, and the propagation model may not account for effects
defined by complex image theory.

At least one other example embodiment provides an appa-
ratus for locating a transmitter. According to at least this
example embodiment, the apparatus includes: a central pro-
cessor configured to calculate a matched filter detector output
for each of one or more candidate transmitter locations by
applying a linear {filter to low frequency magnetic field mea-
surements obtained at a plurality of recerver locations, the
linear filter being derived for the one or more candidate trans-
mitter locations, the central processor being further config-
ured to determine the location of the transmitter based on the
one or more calculated matched filter detector outputs.

At least one other example embodiment provides an appa-
ratus for locating a transmitter. According to at least this
example embodiment, the apparatus includes: a central pro-
cessor configured to maximize a localization statistic by
applying a linear filter to low frequency magnetic field mea-
surements obtained at a plurality of receiver locations, the
linear filter being determined based on a propagation model
assoclated with one or more candidate transmitter locations,
the central processor being further configured to locate the
transmitter based on the maximized localization statistic.

According to at least some example embodiments, the
central processor may be further configured to hypothesize a
search domain including the one or more candidate transmit-
ter locations.

The central processor may be configured to i1dentily the
location of the transmitter as the candidate location associ-
ated with a maximum matched filter detector output among
the one or more calculated matched filter detector outputs.

The central processor may be configured to compare the
one or more calculated matched filter detector outputs to
determine the maximum matched filter detector output
among the one or more calculated matched filter detector
outputs.

According to at least some example embodiments, the
matched filter detector output may be a polynomial function
representing the one or more candidate locations, and the
central processor may be configured to: generate a plurality of
contour values associated with the one or more candidate
locations; and determine the location of the transmitter based
on the contour values for the one or more candidate locations.
The plurality of contour values form a localization contour
associated with the one or more candidate transmitter loca-
tions, and wherein the central processor may be configured to
determine the location of the transmitter based on the local-
1zation contour.

According to at least some example embodiments, the
matched filter detector output may be a polynomial function
representing a plurality of candidate locations for the trans-
mitter, and wherein the central processor may be configured
to: evaluate the polynomial function for each of the plurality
of candidate locations to generate a plurality of contour val-
ues, each of the plurality of contour values being associated
with a candidate location among the plurality of candidate

10

15

20

25

30

35

40

45

50

55

60

65

4

locations; and identily the location of the transmitter based on
the plurality of contour values.

The apparatus may further include: a display configured to
display the location of the transmitter and/or a data storage
configured to store the location of the transmitter.

According to at least some example embodiments, the
localization statistic may be a polynomial function represent-
ing the one or more candidate locations, and the central pro-
cessor may be further configured to: generate a plurality of
contour values associated with the one or more candidate
locations; and determine the location of the transmitter based
on the contour values for the one or more candidate locations.
The plurality of contour values may form a localization con-
tour associated with the one or more candidate transmitter
locations, and wherein the central processor may be config-
ured to determine the location of the transmitter based on the
localization contour.

According to at least some example embodiments, the low
frequency magnetic ficld measurements may be generated
based on magnetic field signals having frequencies between
about 30 kHz and about 130 kHz.

According to at least some example embodiments, the
linear filter may be determined based on a propagation model
associated with the one or more candidate transmitter loca-
tions, and the propagation model may not include a complex
image component.

According to at least some example embodiments, the
linear filter may be determined based on a propagation model
associated with the one or more candidate transmitter loca-
tions, and the propagation model may not account for effects
defined by complex image theory.

Further areas of applicability will become apparent from
the description provided herein. The description and specific
examples 1n this summary are intended for purposes of 1llus-
tration only and are not intended to limit the scope of the
present disclosure.

DRAWINGS

The drawings described herein are for illustrative purposes
only of selected example embodiments and not all possible
implementations, and are not intended to limait the scope of
the present disclosure.

FIG. 1 illustrates a tracking system according to an
example embodiment.

FIG. 2 15 a block diagram 1llustrating the system shown 1n
FIG. 1.

FIG. 3 15 a block diagram illustrating an example embodi-
ment of the transmaitter 106.

FIG. 4 15 a block diagram illustrating an example embodi-
ment of a recerver 104 1n more detail.

FIG. § 1s a flow chart 1llustrating example operation of the
receiver 104 shown 1n FIG. 4.

FIG. 6 1s a flow chart illustrating a method for locating
and/or localizing a transmitter according to an example
embodiment.

FIG. 7 1s a graph showing experimental results that 1llus-
trate an example of how the localization objective function
produces a single maximum value 1n a vicinity of a source
location.

Corresponding reference numerals indicate corresponding,
parts throughout the several views of the drawings.

DETAILED DESCRIPTION

Various example embodiments will now be described more
tully with reference to the accompanying drawings in which
some example embodiments are shown.
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Detailed 1llustrative embodiments are disclosed herein.
However, specific structural and functional details disclosed
herein are merely representative for purposes of describing
example embodiments. This mmvention may, however, be
embodied 1n many alternate forms and should not be con-
strued as limited to only the embodiments set forth herein.

Accordingly, while example embodiments are capable of
various modifications and alternative forms, the embodi-
ments are shown by way of example 1n the drawings and will
be described herein in detail. It should be understood, how-
ever, that there 1s no intent to limit example embodiments to
the particular forms disclosed. On the contrary, example
embodiments are to cover all modifications, equivalents, and
alternatives falling within the scope of this disclosure. Like
numbers refer to like elements throughout the description of
the figures.

Although the terms first, second, etc. may be used herein to
describe various elements, these elements should not be lim-
ited by these terms. These terms are only used to distinguish
one element from another. For example, a first element could
be termed a second element, and similarly, a second element
could be termed a first element, without departing from the
scope of this disclosure. As used herein, the term “and/or,”
includes any and all combinations of one or more of the
associated listed 1tems.

When an element 1s referred to as being “connected,” or
“coupled,” to another element, 1t can be directly connected or
coupled to the other element or intervening elements may be
present. By contrast, when an element 1s referred to as being
“directly connected,” or “directly coupled,” to another ele-
ment, there are no intervening elements present. Other words
used to describe the relationship between elements should be
interpreted 1n a like fashion (e.g., “between,” versus “directly
between,” “adjacent,” versus “directly adjacent,” etc.).

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting. As used herein, the singular forms ““a,” “an,” and
“the,” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will be further
understood that the terms “comprises,” “comprising,”
“includes,” and/or “including,” when used herein, specily the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

It should also be noted that in some alternative implemen-
tations, the functions/acts noted may occur out of the order
noted 1n the figures. For example, two figures shown 1n suc-
cession may 1n fact be executed substantially concurrently or
may sometimes be executed 1n the reverse order, depending,
upon the functionality/acts mvolved.

Specific details are provided in the following description to
provide a thorough understanding of example embodiments.
However, 1t will be understood by one of ordinary skill 1n the
art that example embodiments may be practiced without these
specific details. For example, systems may be shown 1n block
diagrams so as not to obscure the example embodiments 1n
unnecessary detail. In other instances, well-known processes,
structures and techniques may be shown without unnecessary
detail 1n order to avoid obscuring example embodiments.

In the following description, illustrative embodiments will
be described with reference to acts and symbolic representa-
tions of operations (e.g., 1 the form of flow charts, flow
diagrams, data tlow diagrams, structure diagrams, block dia-
grams, etc.) that may be implemented as program modules or
functional processes include routines, programs, objects,
components, data structures, etc., that perform particular
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tasks or implement particular abstract data types and may be
implemented using one or more Central Processing Units
(CPUs), digital signal processors (DSPs), application-spe-
cific-integrated-circuits, field programmable gate arrays (FP-
(G As) computers or the like.

Although a flow chart may describe the operations as a
sequential process, many of the operations may be performed
in parallel, concurrently or simultaneously. In addition, the
order of the operations may be re-arranged. A process may be
terminated when 1ts operations are completed, but may also
have additional steps not included 1n the figure. A process
may correspond to amethod, function, procedure, subroutine,
subprogram, etc. When a process corresponds to a function,
its termination may correspond to a return of the function to
the calling function or the main function.

As disclosed herein, the term “‘storage medium™ or “com-
puter readable storage medium” may represent one or more
devices for storing data, including read only memory (ROM),
random access memory (RAM), magnetic RAM, core
memory, magnetic disk storage mediums, optical storage
mediums, flash memory devices and/or other tangible
machine readable mediums for storing information. The term
“computer-readable medium”™ may include, but 1s not limited
to, portable or fixed storage devices, optical storage devices,
and various other mediums capable of storing, containing or
carrying instruction(s) and/or data.

Furthermore, example embodiments may be implemented
by hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof.
When implemented 1n software, firmware, middleware or
microcode, the program code or code segments to perform the
necessary tasks may be stored 1 a machine or computer
readable medium such as a computer readable storage
medium. When implemented 1n software, a processor or pro-
cessors will perform the necessary tasks.

A code segment may represent a procedure, function, sub-
program, program, routine, subroutine, module, software
package, class, or any combination of instructions, data struc-
tures or program statements. A code segment may be coupled
to another code segment or a hardware circuit by passing
and/or recerving information, data, arguments, parameters or
memory contents.

Example embodiments provide systems, methods, equip-
ment, algorithms, computer readable storage mediums, and/
or soltware for locating and tracking objects (e.g., persons
and/or assets) using low frequency magnetic field transmuit-
ters and receivers. One or more example embodiments sup-
port the management of search and rescue operations by
continuously momitoring the location of, for example, emer-
gency personnel and vital equipment in a hazardous and/or
chaotic environment. Example embodiments utilize low fre-
quency magnetic fields able to propagate through a substan-
t1al mass of common structural and biological material with
relatively little attenuation or distortion. Thus, example
embodiments provide location information that 1s otherwise
unavailable conventionally.

Example embodiments utilize a signal processing
approach to the electromagnetic field inversion problem,
which reduces computation load while using additional avail-
able information for greater accuracy. Example embodiments
utilize magnetic sensors to localize a target by operating at
frequencies uniquely suited for penetrating man-made
obstructions like buildings and by utilizing only those com-
ponents of a magnetic propagation model to achieve reason-
able and/or suflicient localization accuracy for the selected
operating frequencies.
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As mentioned above, most conventional wireless commu-
nication systems used in emergencies operate at higher fre-
quencies and are severely attenuated by obstructions com-
posed of ordinary materials like steel, concrete, rock, soil,
water, etc. On the other hand, a low frequency (LF) electro-
magnetic field (e.g., between about 30 kHz and 1350 kHz,
inclusive) s able to propagate through a significant amount of
such material with relatively little loss and/or distortion. In
fact, very low frequency (VLF) electromagnetic fields (e.g.,
between about 3 kHz and about 30 kHz) are able to penetrate
a few kilometers into the ground. Systems using these elec-
tromagnetic fields have been developed for use 1n mine emer-
gencies. Use of higher frequencies (e.g., between about 150
kHz and about 600 kHz, inclusive) have been recommended
for magnetic systems attempting to localize and track an
clectromagnetic source 1n relatively open areas. However,
these systems must more accurately account for propagation
clfects that become significant at these frequencies to main-
tain reasonable localization accuracy.

Example embodiments may be usetul when penetration of
man-made structures, which may also extend a relatively
short distance underground (e.g., into a basement), 1s neces-
sary to track sources (e.g., objects, persons, assets, etc. ) mside
the structure from devices located outside a structure, and
without a line-of-sight to the source. At frequencies between
about 30 kHz and about 130 kHz, inclusive, the signals are
essentially or substantially unaffected by the intervening
structures. Consequently, the processing used to estimate
propagation eflects may be simplified without sacrificing
overall localization accuracy. At least some example embodi-
ments provide for the frequent intermittent transmission from
a low-1requency transmitter (emitter) borne by the emergency
worker located inside the man-made structure, and received at
several sensors strategically placed outside the structure for
the purpose of identiiying the worker’s location. Any number
of persons may be tracked simultaneously by setting up each
transmitter (emaitter) to transmit at a unique frequency. Vital
assets other than personnel may also be tracked.

FIG. 1 illustrates an example embodiment of a tracking
system 10. FIG. 2 1s ablock diagram of the tracking system 10
shown 1n FIG. 1. Example embodiments will be discussed
with regard to localizing and/or locating a transmitter (or
emitter) within a building. However, 1t should be understood
that a transmitter may be localized 1n other situations using
example embodiments. Thus, example embodiments should
not be limited to only the situation described herein.

Referring to FIGS. 1 and 2, a transmitter (also referred to
herein as an emitter) 106 with a magnetic induction coil 1s
located within a building 110. In one example, the transmaitter
106 may be a battery powered transmitter module embedded
on a person or equipment (e.g., 1n the back of a rescue work-
er’s jacket). Because transmitters including magnetic induc-
tion coils are generally well-known, only a brief discussion
will be provided herein.

FIG. 3 1s a block diagram 1llustrating an example embodi-
ment of the transmitter 106.

In the example embodiment shown 1n FIG. 3, the transmit-
ter 106 1s based on a relatively simple low frequency oscilla-
tor 304 driving an induction coil antenna 302 at the resonant
frequency of the induction coil antenna 302. The induction
coil antenna 302 may be of any conventional design, or may
be physically tlexible so as to be integrated 1nto, for example,
clothing.

In at least one example embodiment, to operate 1n the low
frequency band, the antenna loop of the induction coil
antenna 302 may have a diameter between about 20 and about
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40 centimeters, inclusive. However, larger coils and power
packs capable of operating at lower frequencies for better
penetration may also be used.

Still referring to FIG. 3, the transmitter 106 further
includes a battery 306 to power the induction coil antenna 302
and the oscillator 304.

Although FI1G. 3 1llustrates the induction coil antenna 302
and oscillator 304 as powered by a common battery source
306, these elements may be powered by separate, dedicated
sources (e.g., batteries).

To reduce power consumption, the transmitter 106 may be
configured to transmit relatively brief signal bursts at regular
intervals (e.g., of about 1, 2, 3, etc. seconds). A duty cycle of
between about 5 and about 10 percent, inclusive, may be
implemented with capacitive charging to improve battery
elficiency.

The transmitter 106 shown in FIGS. 1-3 1s configured to
emit a magnetic field signal (sometimes referred to herein as
a magnetic field or magnetic field vector signal) in the low
frequency band such that the emitted magnetic field signal
penetrates through obstructions (e.g., walls of the building
110) with reduced (e.g., little and/or negligible) distortion of
the signal. The operating frequency of the transmitter 106
may be chosen during setup by an operator to improve and/or
optimize performance by manually adjusting the transmitter
and receiver circuits. Multiple frequencies 1n a narrow band
may be used to independently track multiple sources. In one
example, each of a plurality of transmitters may emit a signal
at a different frequency such that multiple transmitters may be
localized and/or tracked simultaneously and/or concurrently.

In example operation, the transmitter 106 generates the
magnetic field signal in accordance with the physical laws of
Maxwell’s equations, which define both the electric and mag-
netic field components. The complete expression for the emit-
ted magnetic field signal 1s commonly formulated as an infi-
nite series 1n increasing powers of 1/r. The first three terms of
this series are generally referred to as the near field, interme-
diate field and far field components. In free space, at distances
greater than the diameter of the induction coil antenna 302 of
the transmitter 106, but less than about %5 of wavelength (e.g.,
between about 650 and about 2000 meters, inclusive, for
selected frequencies of interest), the magnetic field compo-
nent of the magnetic field signal may be accurately approxi-
mated by only the near field component. The near field com-

ponent 1s generally 1dentified by the dipole equation given
below 1 Equation (1).

HF, 1) = (3P -7) — iedhr—ier, (1)

A3

f = 2
F=Frr

Pt

= Hin

3]

In Equation (1), H is the magnetic field vector, and ?:_r}f—

?G 1s a vector from the dipole source position _1'}.9 (e.g., loca-
tion of the transmitter 106 1n FIGS. 1 and 2) to any point ?I.
(1=1, 2, 3, ..., N) where the vector T has magnitude r along

the direction of the unit vectorr. Also in Equation (1), m is the
magnetic dipole moment vector having magnitude m along
the direction of the unit vector m, t represents time, m repre-
sents the oscillation frequency of the signal (in radians per
second), k represents the wave number of the signal (1n radi-
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ans per meter), and 1 1s the square root of —1. In the context of
FIGS. 1 and 2, the location r, refers to the locations of the
receivers 104,

Returning to FIGS. 1 and 2, the tracking system 10 further
includes a plurality of receivers 104 arranged at arbitrary
positions around the outside of the building 110. In one
example, recervers 104 may be triaxial receivers mounted on
portable tripod stands. The receivers 104 may be lightweight,
portable recerver stations capable of being rapidly deployed
around the work site 1n out-of-the-way locations.

According to at least some example embodiments, the total
number of recerver channels matches or exceeds the number
of unknown parameters to be determined. The number of
receiver channels 1s the sum of independent sensor axis mea-
surements. In one example, the unknown parameters include
three components of source (transmitter 106) location, three
components of the source (transmitter 106) dipole moment
vector, and a time reference for each receiver 104. In this

. . —>
example, the source location refers to the location r  of the
transmitter 106, and the source dipole moment vector refers

to the dipole moment vector m of the magnetic field signal
from the transmitter 106.

According to at least some example embodiments, local
conditions of the transmitter 106 and the receivers 104 may
allow the number of unknown parameters to be reduced. For
example, 1T all elements (e.g., transmitter, recerver, etc.) of the
physical arrangement of the tracking system lie 1 a level
plane, then the vertical component of the transmitter location
and the vertical component of the source dipole moment
vector may be 1gnored. In another example, 1f the receiver
channels are synchronized using a common phase reference
such as that available via a global positioning system (GPS),
then the station time reference 1s not an unknown parameter
and may be 1gnored.

Each of the receivers 104 may measure one or more (e.g.,
one, two, or three) independent orthogonal components of the
magnetic field signal from the transmitter 106.

FI1G. 4 1s a block diagram 1llustrating an example embodi-
ment of the recerver 104 1n more detail.

Referring to FIG. 4, the recerver 104 includes one or more
sensing elements or circuits (e.g., induction coil antennas)
402 and a recerwver processing module/circuit (hereinafter
referred to as the recetver processing module) 404.

Each sensing circuit 402 is sensitive to the component of
the dipole moment vector of the magnetic field signal that 1s
perpendicular to the plane of the coil. In one example, each
receiver 104 includes multiple concentric orthogonal coils to
measure a plurality of dipole moment vector components of
the magnetic field signal simultaneously and/or concurrently.
The sensing circuit 402 may be tuned to the frequency of the
transmitter 106 to improve signal power and/or reduce extra-
neous noise power. The receiver 104 may also mclude well-
known additional circuitry to filter, amplity and digitize the
received signal. Because such circuitry 1s well-known, the
circuitry 1s not shown and will not be discussed 1n detail.

Still referring to FIG. 4, the receiver processing module
404 may be a processor configured to generate magnetic field
measurements based on the magnetic field signal received at
the sensing circuit 402, and transmit the magnetic field mea-
surements to a central processor 102 over the communication
network.

In one example, the recetver processing module 404
extracts and evaluates the magnetic field signal received at the
sensing circuit 402 to generate the magnetic field measure-
ments.

10

15

20

25

30

35

40

45

50

55

60

65

10

The recerver processing module 404 may also be config-
ured to quantily multiple magnetic field signals at different
frequencies (e.g., to enable tracking of multiple transmuitters
concurrently and/or simultaneously), manage a network
interface, and provide operational control and status function-
ality. The operational control and status functionality may
include the ability to support rapid deployment and auto-
mated 1nitialization of the tracking system 1n the field. In this
regard, the recerver 104 further includes a global positioning
system (GPS) interface 406 to obtain location information
from GPS satellites, establish 1ts own location and altitude,
and to synchronize received magnetic ficld measurements.

The receiver processing module 404 may be realized 1n
hardware, software or a combination of hardware and soft-
ware. In one example, the recerver processing module 404
may include one or more central processing units (CPUs),
digital signal processors (DSPs), application-specific-inte-
grated-circuits (ASICs), field programmable gate arrays (FP-
(G As) computers or the like.

Each recewver 104 may be powered internally by a seli-
contained battery pack, or by an externally connected power
source.

Example operation of the receivers 104 will be discussed in
more detail below with regard to FIG. 3.

FIG. 5 1s a flow chart illustrating example operation of the
receiver 104 shown 1in FI1G. 4. Although only a single receiver
104 will be discussed with regard to FIG. 5 1t should be
understood that each of the N receivers 104 in FIGS. 1 and 2
may operate in the same or substantially the same manner.

Referring to FI1G. 5, at S502 the 1-th receiver 104 measures
the incident magnetic field (signal) from the transmitter 106
at S502 to generate a set of magnetic ficld measurements

(e.g., referred to as ﬁ(_r:.) below, where 1 1s an 1ndex for the
1-th recerver 104 among the N receivers in the tracking system
10).

At S504, the recerver 104 reports the set of magnetic field

measurements ﬁ(?l) to the central processor 102 over the
communication network.

At a low enough frequency (e.g., between about 30 kHz
and about 130 kHz) that the position ?I. of each recerver 104

is in the near field of the position r _ ofthe transmitter 106 and
(for simplicity) 11 the measurements are taken synchronously
at each of the receivers 104 (non-synchronous measurements
may be accounted for in the calculations), each receiver 104

collects the set of magnetic ficld measurements H(?I.) given
by Equation (2) shown below. Equation (2) 1s a matrix equa-

tion representation for the dipole equation at the location ?I.
of the 1-th recerver 104.

H(r )=F(r ¥ )m+v (2)

For simplicity of this discussion, the notation for the mag-

netic field term measurement H in Equation (1) has been

changed to be a function of location _r:. ol the 1-th receiver 104
in Equation (2). The reference to time t has also been removed
since Equation (2) represents synchronous measurements at
the same or substantially the same instant 1n time. The vector

— ., - . . . .

v 1 Equation (2) 1s additive noise that represents, for
example, measurement error, background noise, etc. The
matrix F 1s a magnetic field function or propagation model
that (depending on the complexity of the propagation effects
included 1in matrix F) can be used to predict the expected
magnitude and orientation of the magnetic field at the posi-

tion ?i of the 1-th recerver 104 given a magnetic dipole
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moment m at the location r_ of the transmitter 106. The
magnetic field function (or propagation model) F will be
discussed 1n more detail later.

Returming to FIGS. 1 and 2, the receivers 104 are commu-
nicatively coupled to the central processor 102 at the mobile
command center 20. In this example embodiment, the central
processor 102 1s co-located with a display 202, a data storage
1026, and a controller 204 at the mobile command center 20.
Although not shown, other emergency equipment may also be
located at the mobile command center 20. The central pro-
cessor 102 includes a localization module 1022.

The controller 204 provides a variety of functions. For
example, the controller 204 monitors performance of the
transmitters 106, receivers 104, communication system, and
the central processor 102, and provides feedback to the opera-
tor 1n the form of status displays, alerts, warnings, etc.

The controller 204 also performs initialization functions
automatically and/or under operator control. Example mitial-
1ization functions may include: establishing or hypothesizing
location and/or alignment of recervers/sensors 104; establish-
ing/hypothesizing the search/tracking domain (discussed 1n
more detail later); establishing propagating model parameters
for a working environment; setting up transmitter and
receiver operating and calibration factors; setting up commu-
nication protocols for the receiver network; executing peri-
odic performance monitoring tests; and building and main-
taining a runtime log of events.

The controller 204 also provides for changes in the system
arrangement such as: adding and removing transmitters and
receivers; adjusting the search/tracking domain; revising
operating frequencies; etc. The controller 204 also enables
selective playback of previously recorded information and
detailed examination of specific transmitter, receiver, and
network functions.

In one example, the receivers 104 and the central processor
102 may be connected via a communication network. The
communication network may be hard wired, a radio commu-
nication network, or a combination thereof. According to at
least some example embodiments, the communication net-
work may be a low data rate communication network inde-
pendently connecting the central processor 102 to each
receiver 104. The communication network may be estab-
lished using any combination of 1) a radio frequency (RF)
link, 2) a dedicated cable temporarily deployed, or 3) an
existing on-site cable network. The communication network
may support the transfer of sensor measurements and control
and status information.

The central processor 102 may be a stand-alone unit (e.g.,
desktop or workstation computer) or part of an integrated
mobile command center 20 (e.g., a shared resource such as a
mobile command center processing system). In example
operation, the central processor 102 receives magnetic field
measurement information (e.g., magnetic field vector com-
ponent measurements taken at the receivers 104) from the
receivers 104 and generates a continuous track of one or more
transmitters 106. The central processor 102 may include one
or more Central Processing Units (CPUs), digital signal pro-
cessors (DSPs), application-specific-integrated-circuits, field
programmable gate arrays (FPGAs) computers or the like.
Example functionality of the central processor 102 will be
discussed 1n more detail below with regard to FIG. 6.

The tracking system 10 shown in FIGS. 1 and 2 may be
configured to self-initialize when powered up by using GPS
(e.g., as shown 1n FIG. 5) or beacon signals to establish
position and alignment of the recetvers 104. Multiple trans-

10

15

20

25

30

35

40

45

50

55

60

65

12

mitters may be monitored and tracked simultancously by
using signals having different frequencies.

FIG. 6 15 a flow chart illustrating a method for localizing or
locating a transmitter according to an example embodiment.
For example purposes, the example embodiment shown 1n
FIG. 6 will be discussed as being performed by the localiza-
tion module 1022 of the central processor 102 at the mobile
command center 20 shown 1n FIGS. 1 and 2. However,
example embodiments should not be specifically limited to
only this example.

Referring to FIG. 6, at S602 the central processor 102

. . = e
receives a set of magnetic field measurements H( r ) from
cach of the N receivers 104. The central processor 102 stores

the recerved sets of magnetic field measurements ﬁ(?:) in the
data storage 1026. The data storage 1026 may be any suitable
volatile or non-volatile memory. The central processor 102

may combine the sets of magnetic field measurements H(r )
from each of the N recetrvers into a matrix

_ H (1) _

H(7,)

_ H(Fy) _

Also at S602, the central processor 102 may obtain mag-
netic field signal characteristics and/or magnetic field mea-
surement information based on the magnetic field measure-

ments H(_r:) from each recerver 104 using, for example, a
Fourier transform technique. In this regard, at least some
example embodiments utilize processing based on well-
known Fourier transform techniques to extract this informa-

tion from the sets of magnetic field measurements ﬁ(_r:)
received from the receivers 104. Because these techniques are
generally well known a further detailed discussion 1s omatted.
The information may also be stored 1n the data storage 1026.

Estimated magnetic field signal characteristics and mag-
netic field measurement information may include, for
example: signal frequency, complex signal amplitude, and
signal amplitude error variance. The latter may be used to
determine the signal-to-noise ratio (SNR) as the ratio of the
signal power to 1ts error variance. These error variances are
combined with other associated error statistics in the noise
covariance matrix R discussed in more detail later, for
example, with regard to Equation (9). Using this example
approach, noisy and more error prone measurements contrib-
ute less information to the estimates than quiet and less error
prone measurements.

Returning to FIG. 6, at S603, the localization module 1022
hypothesizes a search/tracking domain of one or more candi-
date locations of the transmitter 106.

In one example, the search domain may be 1dentified as a
“search grid”. In this example, one or more candidate loca-
tions for the transmitter 106 are laid out 1n an arbitrary three-
dimensional pattern, the size and density of which may be set
by the operator. This method may be performed by the local-
ization module 1022 or controller 204 during 1nitialization
when a new asset/transmitter 1s deployed, and/or 11 an asset/
transmitter 1s lost, to establish the location of the candidate
transmitter within a broad area (e.g., an entire building). In
this case, the candidate transmitter locations are laid out 1n a
search domain encompassing the broad area.
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In one example, the search grid may be laid out using an
arbitrary 1nitial location within a given area. In another
example, the search grid may be laid out using an initial
location 1n the neighborhood of a previous solution. For
example, the search grid may be laid out by centering 1t on the
previous estimated location of the transmitter, and the grid
may encompass a smaller area (e.g., one or more floors of a
building).

Returming to FIG. 6, at S604 the localization module
obtains constant localization parameters from the data stor-
age 1026. In one example, the constant localization param-
cters include: location and alignment of the receivers 104;
propagation factors and phase delays for the environment in
which the tracking system 10 1s deployed; receiver calibration
factors; expected source frequencies; etc.

The location and alignment of the receivers 104 may be
determined based on, for example, location nformation
obtained from global positioming system (GPS) satellites.
Constant localization parameters such as propagation factors
and phase delays for the environment 1n which the tracking
system 10 1s deployed, recerver calibration factors, and
expected source frequencies may be determined by systems
engineers based on empirical data and/or set by an operator of
the tracking system 10 during and/or prior to deployment of
the tracking system 10.

According to at least one example embodiment, the con-
stant localization parameters may include the hypothesized
search domain of one or more candidate locations. In this
case, the search domain 1s obtained from the data storage
1026 along with other constant localization parameters, and
S603 and S604 1n FIG. 6 may be combined.

At S605, the localization module 1022 determines or gen-
erates a magnetic field function (propagation model) F for
cach of the one or more candidate locations within the
hypothesized search domain based on the constant localiza-
tion parameters obtained from the data storage 1026.

The magnetic field function F embodies a propagation

model that relates the magnetic field at a point ?I. (e.g., loca-
tion of a receiver 104) to a given dipole moment source m

located at another point ?G (e.g., candidate location 1n the
search domain). The localization process according to one or
more example embodiments may utilize any physical mag-
netic field model that can be suitably formulated. Numerous
models of near-earth propagation have been developed and
refined over the past century implementing Maxwell’s equa-
tions subject to the natural boundaries of the biosphere.
Examples of models that are widely used by the scientific
community have been developed and enhanced by A. Som-
merield, K. Norton, and P. Bannister. Since magnetic fields
may be linearly superimposed, the contributions to a propa-
gating field, and therefore to the magnetic field function F,
may be simply summed as shown below 1n Equation (3).

F=F+F +F5+F+F), (3)

The components of the magnetic field function F shown in
Equation (3) are defined as follows. The direct blast F 1s
given by the free space wave of Equation (1) discussed above.
The mirror image reflection I, assumes a perfectly conduct-
ing ground and appears to propagate from an 1image source
below the earth surface. The complex 1mage reflection F,
models the phase distortion of an imperfectly conducting,
carth and appears to propagate from an imaginary source at a
complex depth. The surface wave I, propagates a relatively
short distance along the conductive earth surface as 1f it were
a waveguide. The sky wave retlection F, bounces off one of
the impertectly conducting 1onospheric layers.
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The magnetic field function F used in the calculations set
forth herein may include any or all of these elements as well
as others that have not been identified here. A particular
magnetic field function F may be selected based on the dis-
tance, elevation, operating frequency, environmental condi-
tions, required accuracy, etc. of the situation. Under the con-
ditions discussed 1n connection with one or more example
embodiments, the magnetic field function F used in these
example embodiments includes only F,, F,, and F,; the com-
plex image F, (which 1s derived from complex image theory)
and the sky wave F, components are not required nor do they
add significant value at the assumed operating frequencies
and ranges of operation for this application. The complex
image F, may also be referred to as the complex image com-
ponent of the magnetic field function F. By omitting the
complex image F,, the propagation model does not account
for effects defined by complex image theory.

Returning to FIG. 6, at S606 the localization module 1022
generates the location iformation for the transmitter 106
based on the magnetic field function F for the pairing of each
receiver and each of the candidate locations in the search
domain that 1s considered and/or evaluated (e.g., all candidate
locations 1n the search domain). In one example, the location
information may include the estimated 3-dimensional loca-
tion of the transmitter 106, together with error statistics that
may be presented to the operator as a general measure of the
area ol uncertainty in the localization estimate provided by
the system.

In more detail, at S606 localization module 1022 calculates
a matched filter detector output (also referred to herein as a
location statistic) A for each of one or more candidate trans-
mitter locations 1n the hypothesized search domain by apply-
ing a linear filter h for each candidate location to the matrix H

of low frequency magnetic field measurements H(?i) from
the plurality of remote receiver locations as shown below 1n
Equation (11).

A=h*H (11)

The linear filter h 1 Equation (11) for each candidate
location 1s given by,

h=R~'H (12),

and the estimated magnetic field (magnetic field signal) H is
given by,

H=Fu=F(F*R'FY'F*rR'H (10).

The estimated magnetic field (signal) H is the estimated
magnetic field (magnetic field signal) H produced by the
estimated dipole moment vector m at the position r; of the 1-th
receiver 104 for each candidate location 1n the search domain.
R 1s the noise covariance matrix mentioned above, and dis-
cussed 1n more detail later.

As shown in Equations (10) and (12), which are discussed
in more detail below, the linear filter h 1s determined for each
candidate location in the search domain that 1s considered or
evaluated. Moreover, the linear filter h 1s determined based on
the magnetic field function F for the pairing of each receiver
and each candidate location 1n the search domain that is
considered or evaluated. The linear filter may h be determined
using the magnetic field tunction (or propagation model) F
that does not include the complex 1mage component F, and/or
does not account for effects defined by complex image theory.

Substituting F(F*R™'F)™'F*R~'H from Equation (10) for
the estimated magnetic field signal H in Equation (12) gives
the matched filter detector shown below 1n Equation (13).

A(r )=H*PH, where P=R'F(F*R'Fy 'F*R~! (13)
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Thus, by applying the linear filter h, the localization mod-
ule 1022 calculates a matched filter detector output A for each
candidate location 1n the search domain using the matched
filter detector given by Equation (13).

As shown 1 Equation (13), the actual calculation of the
matched filter detector output A 1s based on the magnetic field

measurements H, the magnetic field function F, and the noise
covariance matrix R.

The matched filter detector in Equation (13) maximizes the
matched filter detector output A when the hypothesized can-

didate location ?G used 1n the expression for the magnetic
field function F 1s closest to the actual position of the trans-
mitter 106. In other words, the localization module 1022
determines that the transmitter 106 1s located at the candidate
location associated with the maximum matched filter detector
output A.

The localization module 1022 maximizes the matched fil-
ter detector output A for the candidate locations 1n the search
domain to determine the best estimate for the actual location
of the transmitter 106.

In Equation (13), P 1s a Hermetian positive-definite matrix,
which is an orthogonal projection matrix that projects the R*Y
measurement vector H onto the three dimensional R” space of
the dipole moment vector 1n a least squares sense.

In one example, the localization module 1022 may deter-
mine the maximum matched filter detector output A by com-
paring the calculated matched filter detector outputs A for
cach of the candidate locations in the search domain to deter-
mine the maximum matched filter detector output A. The
candidate location associated with the maximum matched
filter detector output A 1s i1dentified as the location of the
transmitter 106. In one example, the localization module
1022 may select the candidate location associated with the
maximum matched filter detector output A as the location of
the transmitter 106.

In another example method, the localization module 1022
may determine the maximum matched filter detector output A
using “algorithmic optimization”. In this method, the local-
1zation module 1022 utilizes an 1nitial location (e.g., a recent
previous location of the transmitter) 1n the near neighborhood
of the final solution and proceeds by applying any one of a
number of well-known functional optimization algorithms to
identily a maximum value of a matched filter detector output
A 1n three-dimensional space. A standard gradient search 1s
one example of a technique that could be used to implement
this method. However, example embodiments should not be
limited to this example.

Algorithmic optimization may be more suitable for con-
tinuous tracking where the last known location may be used
as the 1nitial location to 1nitialize the search for the maximum
value. This method utilizes less time and computational etfort
than the search gnd.

In yet another example method, the localization module
1022 may utilize a “Kalman filter” to determine the maxi-
mum value of a matched filter detector output A. In this
example, the localization module 1022 employs a state vari-
able to update the previous location of the transmitter 1n a
single step using a new or updated set of magnetic field
measurements from the recervers 104. In this example, the
form of Equation (13) 1s modified and scattered over various
parts of the Kalman equations to implement this method. This
method may be more efficient for continuous tracking, but
may also require more frequent measurement updates.

Each of the above-discussed example methods are based
on optimizing the matched filter detector output A 1n Equa-
tion (13), wherein the unknown transmitter dipole moment 1s
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resolved internally by the maximum likelihood estimator in
Equation (9), which 1s discussed in more detail later.

According to at least one example embodiment, the system
may switch between the example optimization methods auto-
matically as desired or as directed by an operator.

Returning to FIG. 6, once having determined location
information for the transmitter 106, at S608 the localization
module 1022 formats the determined location information
and outputs the location information to display 202. The
display 202 displays the location information to an operator.
The display 202 may be any suitable display device (e.g., a
computer monitor, etc.). In one example, the location infor-
mation may be displayed to the operator on a map of the area
in which the transmitter 1s located. Because methods for
formatting and displaying location information are well
known, further detailed discussion 1s omitted.

Also, or alternatively, at S608, the localization module
1022 may store the location information at the data storage

1026.

In parallel with the main process, the central processor 102
may also momtor and report the system health status and
possible errors via the display 202. A system operator nside
the mobile command center 20 may monitor the location and
status of the transmitter 106 on the display 202.

An example derivation related to example embodiments
will now be discussed in more detail for the sake of clarity.
The discussion will be made with regard to the tracking
system shown 1n FIGS. 1 and 2.

As mentioned above, the magnetic field component of the
magnetic field signal generated by the transmaitter 106 may be
accurately approximated using only the near field compo-
nent, generally identified by the dipole equation given by
Equation (1).

— i . :
HF, 1) = T (3F(Fh) - A )edkr-iet (1)

{f — e
F=rr

M

= Hi

3|

..

— —> >

In Equation (1), H is the magnetic field vector, r=r —r _

1s a vector from the position ?D of the transmitter 106 to any

point ?I. (1=1, 2, 3, ..., N) where the vector t has magnitude
r along the direction of the unit vector r. Also in Equation (1),

m is the magnetic dipole moment vector having magnitude m
along the direction of the unit vector m, t represents time, w
represents the oscillation frequency of the signal (1n radians
per second), k represents the wave number of the signal (in
radians per meter), and 7 1s the square root of —1.

As also discussed above, Equation (2) 1s a matrix equation
representation for the dipole equation at the 1-th receiver

. —>
location r ..

H(r )=F(r _ v )m+v

(2)

Equation (2) may be used as the basis for representing the

magnetic field vector at the locations _r:. of N receivers 104 as

a single matrix equation including 3N simultaneous linear
equations as shown below 1n Equation (4).
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To simplily notation, Equation (4) can be re-written 1n a
simpler form without the indices 1 as shown below 1n Equa-
tion (5).

H=Fm+v (5)

Equation (5), and as discussed above, H 1s a matrix of

measurements from the N recervers 104 given by,

(6)

H(Fy)

the magnetic field function (or propagation model) F 1s a
matrix given by,

(7)

F(Fo, 1)

F(ro, 12)

_F(Fﬂa FN)_

and matrix v 1s given by,

Y, (8)

As mentioned above, the elements of the matrix H are the

sets of measurements collected at various locations r ; of the

receivers 104. The locations _r:. are known at the localization
module 1022. The elements of the magnetic field function (or
matrix) F represent the propagation model from the location
of the transmitter 106 to each of the locations of the receivers
104, and the elements of the matrix v represent unknown
noise at each of the recerver locations.

Also 1n Equation (3), m is the magnetic dipole moment
vector, which has magnitude m along the direction of the unit

vector m term, and _r}ﬂ 1s the dipole source position _r}ﬂ; that 1s,
the location of the transmaitter 106.

Equations (5)-(8) may be used to represent the magnetic
dipole moment vector m of the magnetic field signal by
inverting the field equation given by Equations (4) and (5) as
shown below 1n Equation (9).

m=(F*R'FYy ' F*R~'H (9)

In Equation (9), m 1s the estimated value of the magnetic

dipole moment vector m, F* represents the conjugate trans-
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pose of magnetic field function F, and R represents the noise

covariance matrix given by R=E{v v 7}.

Statistical error 1n the estimate of the estimated magnetic
dipole moment vector m 1s reduced and/or mimmized by
weighting the measurements as shown using the inverse (R™")
of the noise covariance matrix R.

By mserting the expression for the estimated magnetic
dipole moment m shown in Equation (9) into Equation (2)

— > > —>

(1.e., ﬁ(_r:):F( r , r m+ v ), anexpression to determine the
estimated magnetic field (signal) H produced by the esti-
mated dipole moment vector m at the position r, of the 1-th
receiver 104 for each candidate location 1n the search domain
1s given by,

H=Fm=FF*R'F)~'F*R~'H (10).

Instead of calculating the estimated magnetic field signal
directly using Equation (10), as discussed above the localiza-
tion module 1022 utilizes a matched filter, or correlator, to
generate the matched filter detector output A by applying the
linear filter h to the matrix H of low frequency magnetic field

measurements H(?i) from the receivers 104. The linear filter
h 1s used to generate the matched filter detector output A as
shown 1n Equation (11) below.

A=h*H (11)

In Equation (11), 1t 1s assumed that the sources of noise v
are normally distributed with zero-mean. Consequently, the
standard form of the linear filter h that maximizes the signal-
to-noise ratio (SNR) in the matched filter detector output A 1s
given by Equation (12) shown below.

h=R'H=> A=H*R'H (12)

Substituting F(F*R™"F)"'F*R™'H from Equation (10) for
the estimated magnetic field signal H in Equation (12) gives
the matched filter detector shown below 1n Equation (13). As
shown 1n Equation (13), the matched filter detector output A
for the transmaitter 106 located at a candidate location/posi-

tion ?G of the transmitter 106 1s based on the magnetic field
measurement matrix H, the magnetic field function F associ-
ated with the candidate location of the transmitter 106, and
noise covariance matrix R.

A(r, =H*PH, where P=R-'F(F*R-'Fy-1F*R-! (13)

If the noise vector v is Gaussian with zero mean, then 1n
the absence of a signal (no source present) the matched filter
detector output A has a chi-squared probability density with
about three degrees of freedom (the dimension of vector m).
With a signal present, the matched filter detector output A has
a non-zero mean value (proportional to the array SNR) and
the probability density of the matched filter detector output A
1s non-central chi-squared with about three degrees of free-
dom.

While the matched filter detector output A 1s a suificient
statistic for detection, a relatively important property of the
matched filter detector output A 1n the present context 1s its
usefulness as an objective function for localization.

In at least one example embodiment, the matched filter
detector output A 1s a polynomial (e.g., quadratic) function of

the unknown but hypothesized transmitter location _r:} having
a maximum value 1n the immediate vicinity of the actual
location of the transmitter 106. The location of the transmaitter
106 of the known magnetic field signal 1s declared at the point

—>

r ,, which maximizes (or generates a maximum of) the
matched filter detector output A. Localization (maximization
of matched filter detector output A) may be performed over a
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broad area (or volume) by evaluating matched filter detector
output A at hypothesized candidate locations (sometimes
referred to as nodes) on a search grid, or by any of a number
ol nonlinear maximization algorithms as discussed herein.

According to at least one example embodiment, the
matched filter detector output A 1s a polynomial function
representing a plurality of candidate locations of the trans-
mitter 106. In performing the search grid algorithm, the local-
ization module 1022 evaluates the matched filter detector
output A at each of a plurality of candidate locations (or
nodes) to generate a plurality of values forming a localization
contour associated with the candidate locations. The local-
1zation module 1022 then 1dentifies the location of the trans-
mitter 106 based on the contour values for the plurality of
candidate locations. In one example, the localization module
1022 identifies the location of the transmitter at the candidate
location having the maximum contour value among the plu-
rality of contour values. Example contour values are dis-
cussed 1n more detail below with regard to FIG. 7.

Alternatively, for continuous tracking, a previously known
location may be updated using a much faster single point
tracking algorithm. The localization error associated with
maximizing the matched filter detector output A 1s defined in
terms of error ellipsoids, which are surfaces of uniform error
variance o, owing to the second order statistics of the
matched filter detector output A. The size of the error ellip-
so1d 1s proportional to SNR while the shape depends on the
geometry of sensor placement.

FIG. 7 1s a graph illustrating an example from an actual
experiment of how the matched filter detector output A pro-
duces a single maximum value 1n the vicinity of the transmiut-
ter.

Referring to FIG. 7, the actual location of the transmuitter
106 1s indicated by a star symbol. As shown, the transmitter
106 1s located 1nside a commercial building outlined by the
dash-dot line. Four receivers (Sensor 1, Sensor 2, Sensor 3
and Sensor 4) are positioned around the outside of the build-
ing as indicated by the square symbols. The contours of
matched filter detector output A are shown with their normal-
1zed values. In this example, the maximum possible value 1s
unity and the innermost contour 1s 0.99. The source location
reported by the localization module 1022 1s at the contour
peak, which 1s within about one meter of the actual location.

In this example, the transmitter 106 1s operating at about
0.35 watts. Localization error can be reduced and range
increased by transmitting at higher power 1n short bursts.

The foregoing description of example embodiments has
been provided for purposes of 1llustration and description. It
1s not intended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular example
embodiment are generally not limited to that particular
example embodiment, but, where applicable, are inter-
changeable and can be used 1n a selected embodiment, even 1f
not specifically shown or described. The same may also be
varied 1n many ways. Such variations are not to be regarded as
a departure from the disclosure, and all such modifications are
intended to be included within the scope of the disclosure.

What 1s claimed 1s:
1. A method for locating a transmitter, the method com-
prising:

calculating a matched filter detector output for each of one
or more candidate transmitter locations by applying a
linear filter to low frequency magnetic field measure-
ments obtained at a plurality of recerver locations, the
linear filter being dertved for the one or more candidate
transmitter locations, and the matched filter detector
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output being a polynomial function representing the one
or more candidate transmitter locations:

generating a plurality of contour values associated with the

one or more candidate transmitter locations based on the
one or more calculated matched filter detector outputs;
and

determining the location of the transmitter based on the

plurality of contour values for the one or more calculated
matched filter detector outputs.

2. The method of claim 1, further comprising:

hypothesizing a search domain including the one or more

candidate transmitter locations.

3. The method of claim 1, wherein the determining the
location of the transmitter comprises:

identifying the location of the transmitter as the candidate

location associated with a maximum matched filter
detector output among the one or more calculated
matched filter detector outputs.

4. The method of claim 3, wherein the determinming the
location of the transmitter further comprises:

comparing the one or more calculated matched filter detec-

tor outputs to determine the maximum matched filter
detector output among the one or more calculated
matched filter detector outputs.

5. The method of claim 1, wherein the plurality of contour
values form a localization contour associated with the one or
more candidate transmitter locations, and wherein the loca-
tion of the transmuitter 1s determined based on the localization
contour.

6. The method of claim 1, wherein the transmaitter 1s deter-
mined to be located at the candidate location having a maxi-
mum contour value among the plurality of contour values.

7. The method of claim 1, wherein

the polynomial function represents a plurality of candidate

transmitter locations for the transmitter;

the generating includes evaluating the polynomaial function

for each of the plurality of candidate transmitter loca-
tions to generate the plurality of contour values, each of
the plurality of contour values being associated with a
candidate location among the plurality of candidate
transmitter locations; and

the determining includes identifying the location of the

transmitter based on the plurality of contour values.

8. The method of claim 7, wherein the location of the
transmuitter 1s 1dentified as the candidate location among the
plurality of candidate transmitter locations having a maxi-
mum contour value among the plurality of contour values.

9. The method of claim 1, further comprising:

at least one of displaying and storing the location of the

transmuitter.

10. The method of claim 1, wherein the low frequency

magnetic field measurements are generated based on mag-
netic field signals having frequencies between about 30 kHz
and about 130 kHz.

11. The method of claim 1, wherein the linear filter 1s
determined based on a propagation model associated with the
one or more candidate transmaitter locations, and wherein the
propagation model does not imnclude a complex 1mage com-
ponent.

12. The method of claim 1, wherein the linear filter is
determined based on a propagation model associated with the
one or more candidate transmitter locations, and wherein the
propagation model does not account for effects defined by
complex 1image theory.

13. A method for locating a transmitter, the method com-
prising:
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maximizing a localization statistic by applying a linear
filter to low frequency magnetic field measurements
obtained at a plurality of recerver locations, the linear
filter being determined based on a propagation model
associated with one or more candidate transmaitter loca-
tions, and the localization statistic being a polynomual
function representing the one or more candidate trans-
mitter locations;

generating a plurality of contour values associated with the

one or more candidate transmitter locations based on the
maximized location statistic; and

locating the transmitter based on the plurality of contour

values associated with the one or more candidate trans-
mitter locations.

14. The method of claim 13, wherein the plurality of con-
tour values form a localization contour associated with the
one or more candidate transmitter locations, and wherein the
location of the transmitter 1s determined based on the local-
1zation contour.

15. The method of claim 13, wherein the transmitter 1s
determined to be located at the candidate location having a
maximum contour value among the plurality of contour val-
ues.

16. An apparatus for locating a transmitter, the apparatus
comprising;

a central processor configured to

calculate a matched filter detector output for each of one
or more candidate transmitter locations by applying a
linear filter to low frequency magnetic field measure-
ments obtained at a plurality of recerver locations, the
linear filter being derived for the one or more candi-
date transmitter locations, and the matched filter
detector output being a polynomial function repre-
senting the one or more candidate transmitter loca-
tions;

generate a plurality of contour values associated with the
one or more candidate transmitter locations based on
the one or more calculated matched filter detector
outputs; and

determine the location of the transmitter based on the
plurality of contour values for the one or more calcu-
lated matched filter detector outputs.

17. The apparatus of claim 16, wherein the central proces-
sor 1s further configured to hypothesize a search domain
including the one or more candidate transmitter locations.

18. The apparatus of claim 16, wherein the central proces-
sor 1s configured to 1dentity the location of the transmitter as
the candidate location associated with a maximum matched
filter detector output among the one or more calculated
matched filter detector outputs.

19. The apparatus of claim 18, wherein the central proces-
sor 1s configured to compare the one or more calculated
matched filter detector outputs to determine the maximum
matched filter detector output among the one or more calcu-
lated matched filter detector outputs.

20. The apparatus of claim 16, wherein the plurality of
contour values form a localization contour associated with the
one or more candidate transmaitter locations, and wherein the
central processor 1s configured to determine the location of
the transmitter based on the localization contour.

21. The apparatus of claim 16, wherein the transmitter 1s
located at the candidate location having a maximum contour
value among the plurality of contour values.

22. The apparatus of claim 16, wherein

the polynomial function represents a plurality of candidate

transmitter locations for the transmitter; and

the central processor 1s configured to,
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evaluate the polynomial function for each of the plural-
ity of candidate transmitter locations to generate the
plurality of contour values, each of the plurality of
contour values being associated with a candidate
location among the plurality of candidate transmuitter
locations, and
identily the location of the transmitter based on the
plurality of contour values.
23. The apparatus of claim 16, further comprising:
a display configured to display the location of the transmit-
ter.
24. The apparatus of claim 16, further comprising:
a data storage configured to store the location of the trans-
mitter.
25. The apparatus of claim 16, wherein the low frequency
magnetic field measurements are generated based on mag-
netic field signals having frequencies between about 30 kHz

and about 130 kHz.

26. The apparatus of claim 16, wherein the linear filter 1s
determined based on a propagation model associated with the
one or more candidate transmitter locations, and wherein the
propagation model does not imclude a complex 1mage com-
ponent.

277. The apparatus of claim 16, wherein the linear filter 1s
determined based on a propagation model associated with the
one or more candidate transmitter locations, and wherein the
propagation model does not account for effects defined by
complex 1mage theory.

28. An apparatus for locating a transmitter, the apparatus
comprising;

a central processor configured to

maximize a localization statistic by applying a linear
filter to low frequency magnetic ficld measurements
obtained at a plurality of receiver locations, the linear
filter being determined based on a propagation model
associated with one or more candidate transmitter
locations, and the localization statistic being a poly-
nomial function representing the one or more candi-
date transmitter locations;

generate a plurality of contour values associated with the
one or more candidate transmitter locations based on
the maximized location statistic; and

locate the transmitter based on the plurality of contour
values associated with the one or more candidate
transmitter locations.

29. The apparatus of claim 28, wherein the plurality of
contour values form a localization contour associated with the
one or more candidate transmitter locations, and wherein the
central processor 1s configured to determine the location of
the transmitter based on the localization contour.

30. A non-transitory computer readable storage medium
storing 1nstructions that, when executed, cause a processor to
perform a method for locating a transmitter, the method com-
prising;:

calculating a matched filter detector output for each of one

or more candidate transmitter locations by applying a
linear filter to low frequency magnetic field measure-
ments obtained at a plurality of recerver locations, the
linear filter being derived for the one or more candidate
transmitter locations, and the matched filter detector
output being a polynomial function representing the one
or more candidate transmitter locations:

generating a plurality of contour values associated with the

one or more candidate transmitter locations based on the
one or more calculated matched filter detector outputs;
and
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determining the location of the transmitter based on the
plurality of contour values for the one or more calculated
matched filter detector outputs.

31. The computer readable storage medium of claim 30,
wherein the method further comprises:

hypothesizing a search domain including the one or more

candidate transmitter locations.

32. The computer readable storage medium of claim 30,
wherein the determining the location of the transmaitter com-
Prises:

identifying the location of the transmitter as the candidate

location associated with a maximum matched filter
detector output among the one or more calculated
matched filter detector outputs.

33. The computer readable storage medium of claim 32,
wherein the determining the location of the transmitter fur-
ther comprises:

comparing the one or more calculated matched filter detec-

tor outputs to determine the maximum matched filter
detector output among the one or more calculated
matched filter detector outputs.

34. The computer readable storage medium of claim 30,
wherein the plurality of contour values form a localization
contour associated with the one or more candidate transmaitter
locations, and wherein the location of the transmitter 1s deter-
mined based on the localization contour.

35. The computer readable storage medium of claim 30,
wherein the transmitter 1s determined to be located at the
candidate location having a maximum contour value among
the plurality of contour values.

36. The computer readable storage medium of claim 30,
wherein

the polynomial function represents a plurality of candidate

transmitter locations for the transmitter;

the generating includes evaluating the polynomial function

for each of the plurality of candidate transmitter loca-
tions to generate the plurality of contour values, each of
the plurality of contour values being associated with a
candidate location among the plurality of candidate
transmitter locations; and

the determining includes identifying the location of the

transmitter based on the plurality of contour values.

37. The computer readable storage medium of claim 36,
wherein the location of the transmitter 1s 1dentified as the
candidate location among the plurality of candidate transmiut-
ter locations having a maximum contour value among the
plurality of contour values.
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38. The computer readable storage medium of claim 30,
wherein the method further comprises:
at least one of displaying and storing the location of the
transmuitter.
39. The computer readable storage medium of claim 30,
wherein the low frequency magnetic field measurements are

generated based on magnetic field signals having frequencies
between about 30 kHz and about 130 kHz.

40. The computer readable storage medium of claim 30,
wherein the linear filter 1s determined based on a propagation
model associated with the one or more candidate transmitter
locations, and wherein the propagation model does not
include a complex 1image component.

41. The computer readable storage medium of claim 30,
wherein the linear filter 1s determined based on a propagation
model associated with the one or more candidate transmaitter
locations, and wherein the propagation model does not
account for effects defined by complex image theory.

42. A non-transitory computer readable storage medium
storing 1nstructions that, when executed, cause a processor to
perform a method for locating a transmuitter, the method com-
prising:

maximizing a localization statistic by applying a linear

filter to low frequency magnetic ficld measurements
obtained at a plurality of recerver locations, the linear
filter being determined based on a propagation model
associated with one or more candidate transmitter loca-
tions, and the localization statistic being a polynomial
function representing the one or more candidate trans-
muitter locations;

generating a plurality of contour values associated with the

one or more candidate transmitter locations based on the
maximized location statistic; and

locating the transmitter based on the plurality of contour

values associated with the one or more candidate trans-
mitter locations.

43. The computer readable medium of claim 42, wherein
the plurality of contour values form a localization contour
associated with the one or more candidate transmitter loca-
tions, and wherein the location of the transmitter 1s deter-
mined based on the localization contour.

44. The computer readable medium of claim 42, wherein
the transmuitter 1s determined to be located at the candidate
location having a maximum contour value among the plural-
ity of contour values.




	Front Page
	Drawings
	Specification
	Claims

